Postcopulatory sexual selection favours males which are strong offensive and defensive sperm competitors. As a means of identifying component traits comprising each strategy, we used an experimental evolution approach. Separate populations of Drosophila melanogaster were selected for enhanced sperm offence and defence. Despite using a large outbred population and evidence of substantive genetic variation for each strategy, neither trait responded to selection in the two replicates of this experiment. Recent work with fixed chromosome lines of D. melanogaster suggests that complex genotypic interactions between females and competing males contribute to the maintenance of this variation. To determine whether such interactions could explain our lack of response to selection on sperm offence and defence, we quantified sperm precedence across multiple sperm competition bouts using an outbred D. melanogaster population exhibiting continuous genetic variation. Both offensive and defensive sperm competitive abilities were found to be significantly repeatable only across matings involving ejaculates of the same pair of males competing within the same female. These repeatabilities decreased when the rival male stayed the same but the female changed, and they disappeared when both the rival male and the female changed. Our results are discussed with a focus on the complex nature of sperm precedence and the maintenance of genetic variation in ejaculate characteristics.
INTRODUCTION
Securing mates and transferring viable sperm are necessary but not sufficient to guarantee paternity. The arena of sexual selection expands after mating to include the female reproductive tract whenever the ejaculates of two or more males coincide within a female (Parker 1970; Eberhard 1996) . Postcopulatory sexual selection favours males with ejaculates that outcompete sperm from previous males (sperm offence) while resisting being outcompeted by ejaculates from subsequent males (sperm defence ; Parker 1970 Parker , 1984 . Sperm offence is typically quantified experimentally as P2, the proportion of progeny sired by the second of two males following re-mating by a female, whereas sperm defence is measured by P1, the proportion of first-male progeny (Boorman & Parker 1976) .
As sperm offence and defence abilities contribute substantially to male fitness, ejaculate characteristics might be expected to exhibit low genetic variation due to a combination of stabilizing selection on the optimal ejaculate design and intense directional selection driving to fixation of any new advantageous alleles. Nevertheless, studies have consistently found considerable genetic variation among males in sperm competitive ability (Prout & Bundgaard 1977; Gilbert & Richmond 1981; Clark et al. 1995; Hughes 1997; Radwan 1998; Hosken et al. 2001; Simmons & Kotiaho 2002) . The explanation for this apparent contradiction probably relates to the multifarious nature of sperm precedence, which depends upon a suite of interacting component traits within and between individuals. Any allelic change that influences the biochemical, physiological, morphological or behavioural basis of insemination, sperm migration, sperm storage, sperm viability, fertilization or female re-mating may influence sperm precedence. Two related aspects of this complexity are likely to contribute to the maintenance of genetic variation: (i) antagonistic pleiotropy and (ii) complex interactions generating non-transitive outcomes.
Sperm size and number illustrate the potential for antagonistic pleiotropy in sperm competition traits. Both sperm size and the number of sperm produced have been demonstrated in a diversity of taxa to positively correlate with the intensity of sperm competition or with male competitive fertilization success, though exceptions do exist (reviewed by Simmons 2001; Pattarini et al. 2006) . Since each of these traits bears substantive energetic costs of expression (Pitnick et al. 1995a; Wedell et al. 2002) , a tradeoff between them (and other life-history traits; Badyaev & Qvarnstrom 2002; Hunt et al. 2004 Hunt et al. , 2005 is expected (e.g. Parker 1982 ) and has been empirically demonstrated (Pitnick 1996; Oppliger et al. 1998) . Similarly, even within sperm, negative genetic correlations can be found such as between flagellum length and mid-piece length in the zebra finch (Taeniopygia guttata; Birkhead et al. 2005) . However, antagonistic pleiotropy of ejaculatory traits has not been well studied and its more general role in maintaining genetic variation is uncertain (Rose 1985; Curtsinger et al. 1994; Falconer & Mackay 1996) .
Of perhaps greater importance for the maintenance of genetic variation is the issue of complex interactions between competing males and between males and females (Zimmering & Fowler 1968; Bishop 1996; Bishop et al. 1996; Zeh & Zeh 1996 Wilson et al. 1997; Tregenza & Wedell 2000; Mack et al. 2002; Miller & Pitnick 2002; Oh & Badyaev 2006; Pitnick et al. in press ). An important series of experiments has shown that some mechanisms controlling P1 and P2 are, in fact, physiologically distinct and genetic variation in sperm offence and defence is maintained to a large extent due to the effects of genotypic interactions between individuals (Clark et al. 1995; . These studies, using genetically modified, fixed-chromosome lines of Drosophila melanogaster, demonstrate that the outcome of sperm competition between males with different genotypes depends upon the genotype of the female within which they are competing (Clark & Begun 1998) . Moreover, sperm precedence becomes unpredictable when the female genotype is held constant because-in a manner comparable with the 'rock-paper-scissors' game (Maynard-Smith 1982)-males display non-transitivity in their sperm competitive ability . A study using artificial insemination in domestic fowl-similarly found non-transitivity of sperm competition success (Birkhead et al. 2004) .
Here, we address two outstanding issues. (i) Aside from contributing to the maintenance of genetic variation, the above interactions, because they are genetically non-additive, are predicted to limit population responses to the strong directional selection pressures experienced by males for increased sperm precedence. Yet, the striking variation observed across species and populations in the traits contributing to fertilization success suggests otherwise (Birkhead & Møller 1998) . We used a novel experimental evolutionary approach to independently select males both for increased P1 and P2, as measured from sperm competition bouts between genetically variable rival males within genetically variable females. Previous experimental studies have not examined selection on the offensive and defensive sperm competition suites as a whole (i.e. the net effect of the many interacting component traits). (ii) To build upon the important findings described above, it is essential to uncover the extent to which complex genetic interactions operate under natural matings (versus artificial insemination) and conditions of continuous population genetic variation (versus conditions examining interactions between cohorts of genetically discrete 'clonal' populations). To this end, using an outbred D. melanogaster population exhibiting natural genotypic variation, we quantified the extent of ejaculate!female and ejaculate!ejaculate interactions on both P1 and P2 by examining the repeatabilities of individuals' sperm precedence scores across multiple consecutive sperm competition bouts. We compared repeatabilities among conditions where individual males competed multiple times against the same rival male and within the same female, where individual males competed multiple times against the same rival but within different females, and where individual males competed multiple times against different rival males and within different females.
Our results help to elucidate the conditions that must be met for heritable variation among males to outweigh non-heritable interaction effects between competing males and between males and females. They also highlight the complex nature of sperm precedence and the advantages and disadvantages associated with using virgin matings to extrapolate generalities about postcopulatory processes.
MATERIAL AND METHODS
(a) Culturing All experiments were conducted on D. melanogaster from a large outbred wild-type stock population (LH M , referred to herein as C/C) that had adapted to the laboratory for over 200 generations. Additionally, flies were used from an LH Mbw stock line (a replica of the base population with a browneye (bw) recessive marker that had been introgressed through 12-13 backcross generations into the LH M background; see Chippindale et al. (2001) for details on the origin and maintenance of these lines). Both lines were generously provided by A. K. Chippindale and had been maintained in our laboratory since their arrival in 2001 in population cages supporting more than 1000 individuals with overlapping generations on standard cornmeal-molasses-agar medium with a supplement of live yeast.
All flies for experiments were collected from 200 ml bottles seeded with a low-to-moderate density of larvae from the population cages (i.e. approx. 150 larvae per bottle). Virgin males and females were collected on the day of eclosion following light anaesthetization and, unless noted otherwise, housed in groups of no more than 10 same-sex individuals in eight-dram shell vials containing medium and live yeast. Experiments began with 4-to 6-day-old, reproductively mature flies (Pitnick et al. 1995a) . Throughout the experiments, eggs, larvae and adult flies were maintained in a constant environment at 258C and a 12 h light/dark cycle.
(b) Experimental evolution for improved sperm offence and defence The experiment was designed to select unidirectionally (on separate lines) for improved sperm defence (P1) or offence (P2). To avoid selecting any female traits that may influence sperm precedence patterns (Clark & Begun 1998) , the females used to assess sperm competitiveness of selection line males did not themselves originate from the selection lines, but rather from the stock population cage. Selection line females were used solely to provide progeny for the next generation. Rival males also originated from the stock population to ensure that selection line males competed against ejaculates from genetically diverse males every generation. Figure 1 describes the selection protocol in detail. The complete experiment consisted of two replicates (A and B). The protocol was followed for 16 (replicate A) and 11 (replicate B) generations, with a generation time of approximately 30 days. Each replicate consisted of four lines ('high-P1,' 'high-P2,' 'control-P1' and 'control-P2'). Flies from these lines are henceforth referred to as 'selection line' males and females. All other flies (the competitor males and the females used in the sperm competition matings on days 5 and 8) are henceforth referred to as 'stock' males and females.
We identified the selection line males with the 15 highest P1 or P2 scores (for the high-P1 and high-P2 lines, respectively). The control-P1 and control-P2 lines were subjected to no selection; each generation began with 30, rather than 75, males and females. Successive control-line generations were established by randomly selecting 15 males from each line, but they were otherwise maintained in a manner identical to the selection lines. Selection was relaxed on generations 5 and 6 (replicate A) and generations 2 and 9 (replicate B). In these instances, the experimental protocol was unchanged, except that selection line progeny were chosen randomly because P1 and P2 were not quantified. Simple linear regressions relating sperm competitiveness values to the number of progeny females produced prior to re-mating and male size were not significant for the first four generations of replicate A or the first two generations of replicate B. We therefore selected directly on raw P1 and P2 (rather than residual P1 or P2 scores) in these generations, and for the remainder of the experiment.
(c) Contribution of interaction effects to variation in sperm precedence Ejaculate!ejaculate and ejaculate!female interactions are known to influence the outcome of sperm competition experiments. To investigate these phenomena further, we estimated the repeatability of sperm precedence of individuals from treatments with males paired multiple times against a single rival male, both within a single female and across different females, and with males paired multiple times against varying rival males within varying females.
The experimental design is illustrated in table 1. Two hundred virgin bw females and 200 virgin males (100 bw and 100C/C) were collected from the stock population cages, divided into three treatment groups ('paired' and 'unpaired' (each with 50 males and females) and four 'control' treatments (each with 25 males and females) described below) and assigned an identification number. All flies were scheduled to mate four times in total, with re-matings scheduled on the morning of every third day (though pairs that failed to re-mate after 3 days were given another Figure 1 . Protocol for selection on sperm competitive ability. Only the high-P2 selection experiment is illustrated; differences in protocol between this and the other lines are described below. Matings are indicated in boxes. Seventy-five recessive, brown-eye (bw) males and females were collected as larvae from the LH M -bw base population cage and were used to establish the selection line population. These individuals are referred herein as 'selection line' males and females and are indicated with bold and underlined text. All other flies (the competitor males and the females used in the sperm competition matings) are referred herein as 'stock' males and females. They were collected as larvae for each generation of the experiment from the LH M (denoted as 'C/C') or LH M -bw (bw) base population cages. Selection line and stock flies were collected on day 1 of the initial generation. Individual stock females (bw) were paired first with a single stock male (C/C) on the morning of day 5 and then with a single selection line male (bw) on the morning of day 8. (This mating order was reversed for the high-P1 and control-P1 lines.) All copulations were observed, and females and males were separated following copulation to prevent double matings. Stock females were transferred to new vials each day until the second mating on day 8. These vials (from days 5 to 7) were saved to count progeny prior to female re-mating. Stock males were discarded following copulation on day 8, and selection line males were transferred individually to fresh vials. Females from the sperm competition experiment were discarded on day 9, one day after re-mating. On day 15, all selection line males were paired with a single female from their own line; sib matings were avoided. Progeny prior to female re-mating were counted first. Next, progeny from the day 8 vials were counted and their eye colours were scored. The day 15 selection line mating vials with progeny from the 15 males with the highest P2 scores were retained. (15 random selection line mating vials were retained for the control lines.) When the progeny from these vials emerged, five males and five females (75 virgins of each sex in all) were collected from each vial. For the control-P1 and control-P2 lines, two males and two females (30 of each sex) were collected. These flies were used to begin the next generation of selection; stock flies were again collected from the base population cages. opportunity on the fourth day). All copulations were observed, and any individuals that failed to mate on schedule were removed from the experiment. Consecutive males assigned to each female alternated between bw and C/C so that sperm precedence could be quantified for each.
P1 (sperm defence) and P2 (sperm offence) scores were obtained by counting all progeny that emerged between copulations. Females were transferred to fresh vials daily, until 2 days after the final mating. P1 and P2 were calculated after the second, third and fourth copulations. In table 1, for example, male E's P2 score from the second copulation results from its sperm competition bout with male K. Male E's P2 score, for this mating, is identical to that of female 8's P2 score. Male E's P1 score from this mating, however, results from his sperm competition bout with male I, and it is identical to the P1 score of female 8's third mating. Extending this example one step further, the P2 and P1 scores from male E's third copulation result from competitions with the ejaculates of males L and M, respectively, and they are quantified from the progeny following female 6's third and fourth matings, respectively. In total, three P2 scores and three P1 scores were obtained for each male and female.
Note that in the 'paired' treatment, ejaculates from the same two males (e.g. males A and B in table 1) were competed solely against each other, and on multiple occasions. This allowed each male's offensive and defensive abilities to be quantified multiple times against an unchanging competitor male, thus providing for examination of ejaculate!ejaculate interactions. Further, each pair of males in this treatment competed multiple times within each of two different females (females 1 and 2, in this case), thus providing for examination of ejaculate!female interactions. In the 'unpaired' treatment, females never mated with the same male twice, and males never competed against the same rival male twice. In rare instances, two males shared two female mating partners in common, but in these cases, the males' ejaculates only competed (i.e. mated consecutively) within one of the two females. Our four 'control' treatments confirmed this (table 2). The schedule of matings for these treatments was identical to that described above except that females were not assigned mates with alternating eye colours. Instead, one of the four males had an eye colour unique from that of the other three males. This enabled us to track the extent to which sperm from early copulations contributed to the progeny of later copulations. The results established that the P1 and P2 scores we report correctly represent competition between the ejaculates of only the most recent two males to mate with a female (less recent ejaculates only contributed between 0 and 1% of the offspring).
Repeatability (R) is equivalent to the intra-class correlation coefficient and was calculated using variance components derived from a one-way analysis of variance (ANOVA) procedure (Sokal & Rohlf 1981 
where s 2 A is the among-group variance component and s 2 is the within-group (i.e. error) component. The groups in our analyses consisted of pairs of an individual male's or female's P scores (either P1 or P2). Standard errors of repeatabilities, which were used in one-tailed t-tests to identify the effects of genotypic interactions on the repeatabilities of P scores, were calculated as described by Becker (1992) s:e: Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2ð1KRÞ 2 ½1 C RðkK1Þ 2 kðkK1ÞðnK1Þ
where k is the number of P1 or P2 scores per group and n is the number of groups. Comparable standard error estimates were found using the bootstrap method with replacement (number of replicationsZ1000).
3. RESULTS (a) Experimental evolution for improved sperm offence and defence Linear regressions of mean P1 and P2 score on cumulative selection differential were non-significant for both ( Falconer & Mackay 1996) . The h 2 of P1 was estimated to be K0.024 and K0.030 in replicates A and B, respectively, and 0.042 and 0.022, respectively, for P2.
The response to selection for both increased P1 and P2 as a function of generation time is illustrated in figure 2. These regressions, along with our estimates of h 2 , indicate that selection for high-P1 and high-P2 was unsuccessful and either additive genetic variation (V A ) for each trait is low or environmental variation for each trait is very high (see below). We did not quantify sperm competitiveness in the control lines until generations 12 and 8 in replicates A and B, respectively. There was no divergence between the control-P1 and high-P1 lines of either replicate. The high-P2 lines, however, do appear to have been more competitive than the control-P2 lines in some generations. Unpaired t-tests confirmed that these competitive differences were significant in generations 12, 13 and 15 (but not 14 and 16) of replicate A and in generation 10 (but not 8 and 11) of replicate B. However, the high-P2 lines did not show any signs of increasing, which would have been expected if they were evolving to be more competitive.
This leaves two possible explanations for the apparent difference in competitive ability between the control-P2 and high-P2 lines. First, founder effects could be responsible. Even though the flies used to establish, each selection line were randomly collected from the stock population at generation 0, the subpopulation of flies used for both control-P2 lines could have been genetically inferior at offensive sperm competition. Given that the effective population sizes were smaller for the 'control' lines than for the 'high' lines, the hypothesis that genetic drift occurred cannot be discounted. Second, though sib matings were carefully avoided, the control-P2 lines could have lost competitive vigour as a result of inbreeding depression. If inbreeding depression were occurring, however, we would expect sperm competitiveness to have decreased over time rather than stay relatively constant. In summary, we do not interpret the differences between the high-P2 and control-P2 lines to be the result of the 'high' lines responding to selection.
(b) Contribution of interaction effects to variation in sperm precedence Repeatabilities were estimated for pair-wise comparisons of P1 or P2 scores both within and between treatments (figure 3). This approach enabled us to analyse varied effects of ejaculate!female and ejaculate!ejaculate interactions, as well as to evaluate whether virgin effects influenced the repeatability of sperm precedence scores. For instance, each male's virgin mating corresponds to its first P1 score, but the second and third P1 scores represent non-virgin matings (table 1) . Similarly, the first P2 scores of males resulted from non-virgin matings, but the second males' ejaculates were competing against rival ejaculates inseminated during virgin matings. Figure 3 illustrates these effects for each repeatability estimate.
The magnitude of each repeatability estimate was predicted, a priori, to be dictated by the extent to which interactions between individuals and ejaculates were consistent. This prediction was met. We review the male analyses first. No interaction was consistent in the unpaired treatment, meaning that males never mated twice with the same female or competed twice against the same rival male. Consistent with our prediction, repeatabilities of P1 and of P2 always appear to be lower among males in the unpaired treatment (open bars in figure 3a,b) relative to males in the paired treatment (closed bars). However, these across-treatment differences were statistically significant (table 3) only for the repeatabilities where both ejaculate!ejaculate and ejaculate!female interactions were held constant in the paired treatment (i.e. the comparison of the left-hand open and closed bars in figure 3a,b) . The paired-treatment males' P1 and P2 scores from these analyses resulted from sperm competition bouts with the same rival male within the same female. The repeatabilities for the paired treatment decreased in the comparisons for which only the effects of ejaculate!ejaculate interactions were consistent. It is interesting to note that this decrease was statistically significant when comparing (in figure 3a,b) the left-and right-hand closed bars, but not the left-hand and middle closed bars, though these comparisons were not significant when we controlled for the false discovery rate as described by Benjamini & Hochberg (1995) (table 3) . The sharper declines observed in the left-and right-hand closed bars suggest that virgin effects could be yet another component of the complexity of sperm precedence, however, the experimental design prevents us from distinguishing between virgin effects and age effects (because all flies were older as non-virgins than they were as virgins). Unlike males, whose 'P1 sperm' and 'P2 sperm' are transferred to different females in consecutive copulations, females' P1 and P2 scores are determined from the same clutch of offspring. P1 and P2 scores for each female clutch are therefore interdependent, and they always add up to 1. This means that repeatability estimates of P1 and P2 for females are identical. As such, they are presented together in figure 3c and table 3. The same repeatability comparisons were made for females as were described for males (above). The patterns revealed were similar, with one exception in the paired treatment: the highest repeatability estimates (lefthand closed bars) were not significantly different than the lowest estimates (right-hand closed bars).
DISCUSSION
We describe the proximate and ultimate effects of ejaculate!ejaculate and ejaculate!female interactions in an outbred D. melanogaster population displaying Table 3 . Summary of one-tailed t-tests comparing repeatabilities of sperm precedence scores within and across treatments (Roman numerals correspond to those found in figure 3 natural genetic variation. We were unable to experimentally evolve males for enhanced offensive or defensive sperm competitive ability, two traits with immense influence on male fitness. Sperm precedence is a multifarious trait, dependent upon a suite of interacting component traits within and between individuals. Some of these are likely to be sperm performance traits (e.g. motility) that are associated with the mitochondria and therefore inherited maternally ( Frank & Hurst 1996; Gemmel et al. 2004) . Such traits may be limited in their ability to respond to selection on males. Other components of the ejaculate are known to be antagonistically pleiotropic, further limiting directional change. For instance, in D. melanogaster, both sperm size and sperm quantity contribute independently to male fertilization success, but they also interact with one another within species (Pattarini et al. 2006 ) and show a negative correlation across species (Pitnick 1996) . The results of our selection experiment (figure 2), coupled with the work by Hughes (1997) , could be interpreted to suggest that low heritabilities of P1 and P2 are common across D. melanogaster populations, despite the notion that all quantitative traits are likely to exhibit significant V A (Roff 1997) . Low V A in sperm competitive ability could mean that selection on this trait is so intense that alleles contributing to P1 and P2 are fixed, or approaching fixation, leaving populations with little capacity to respond. However, genetic variation for each of these traits remains high (Clark et al. 1995; Hughes 1997; ; they are not approaching fixation. Recent work by Van Homrigh et al. (2007) with D. bunnanda revealed ample amounts of V A in sexually selected cuticular hydrocarbons, but interestingly, this variation was not in the direction of selection. A similar phenomenon could be limiting the directional evolution of sperm competitive ability.
Additionally, a response to selection may have been prevented (figure 2) because the competitive environment (i.e. female reproductive tracts and rival ejaculates) was dynamic and evolutionarily independent of the selection line males. By design, we did not assess sperm precedence with females or rival males from within the selection lines because we were interested in eliminating the complexity of higher level, coevolutionary processes in an attempt to investigate 'root,' ejaculate-level adaptations that contribute universally to offensive and defensive sperm competitive abilities. We conclude that there may be substantive V A for many of the component traits that contribute to sperm offence and defence (e.g. sperm length ; Miller & Pitnick 2002; Pattarini et al. 2006) , but that sperm offence and defence, per se, exhibit high levels of non-heritable variation. A recent series of experiments using genetically discrete D. melanogaster lines indicates that this nonheritable variation is largely maintained by ejaculate! ejaculate and ejaculate!female interactions (reviewed above and in Clark 2002) . The results of our selection experiment suggest that the evolution of sperm competitiveness may ultimately be regulated by these interactions.
Our repeatability experiment was designed to quantify the proximate effects that ejaculate!ejaculate and ejaculate!female interactions have on sperm precedence in a population displaying continuous, natural genetic variation. We found both the components of sperm competitiveness (i.e. offence and defence) to be highly repeatable only when these interactions were consistent; that is, only when each male competed each time against the same rival male and within the same female (figure 3). These repeatabilities declined when the rival male stayed the same but the female changed, and they disappeared when males competed each time against different rival males within different females. The repeatability experiment and the selection experiment were performed under the same conditions with flies from the same base population. Taken together, these experiments indicate that the nonheritable genetic variation in sperm competitive ability is indeed maintained to a larger extent by genotypic interaction effects in a naturally variable population. Importantly, this variation outweighs the heritable genetic variation of individual ejaculate traits in our study populations.
As expected of traits subject to intense sexual selection (Eberhard 1985; Andersson 1994) , ejaculatory traits exhibit rapid and dramatic evolutionary divergence. In Drosophila, this pattern is observed for both sperm and accessory gland proteins (Acps). Many of the genes encoding Acps show signs of positive selection, with their evolution so rapid that clear differences exist even among sibling species ( Whalen & Wilson 1986; Aguade et al. 1992; Civetta & Singh 1995 , 1998 Tsaur & Wu 1997; Aguade 1999; Begun et al. 2000; Swanson et al. 2001; Panhuis et al. 2003; Kern et al. 2004; Kohn et al. 2004; Stevison et al. 2004; Mueller et al. 2005) . With respect to gross morphology of sperm, sperm length varies by more than 400-fold within the genus Drosophila, frequently differing between sibling species ( Joly 1987; Pitnick & Markow 1994; Pitnick et al. 1995a,b) and even among geographical populations within species (Pitnick et al. 2003) .
Numerous recent studies have demonstrated the importance of ejaculate!female interactions in determining differential male fertilization success (Bishop 1996; Bishop et al. 1996; Rice 1996; Wilson et al. 1997; Howard et al. 1998; Clark et al. 1999; Cordoba-Aguilar 1999; Hosken et al. 2001; Mack et al. 2002; Miller & Pitnick 2002; Tregenza & Wedell 2002; Amitin & Pitnick 2006; Pitnick et al. in press) . Furthermore, it is recognized that female physiology and behaviour is modified following copulation, with the physical act of copulation and/or the presence of Acps or sperm serving as the proximate trigger for such changes (reviewed in Eberhard 1996; see also : Wolfner 1997 : Wolfner , 2002 Tram & Wolfner 1998; Chapman 2001; Heifetz et al. 2001; Swanson & Vacquier 2002; Gillott 2003; Kubli 2003; Fazeli et al. 2004; McGraw et al. 2004; Snook & Hosken 2004; Georgiou et al. 2005; Peng et al. 2005) . Delving deeper into the mechanisms underlying these interactions between the sexes is critical for furthering our understanding of postcopulatory sexual selection (Simmons 2001; Birkhead & Pizzari 2002) and its significance for diversification and speciation (Markow 1997; Howard 1999; Eady 2001) .
Sperm precedence patterns have been shown to break down after more than two matings in pseudoscorpions (Cordylochernes scorpioides; Zeh & Zeh 1994 ) and orb-web spiders (Nephila plumipes; Elgar et al. 2003) . Recent work by Morrow et al. (2005) analysed mean sperm precedence scores and revealed no such effect of mating history on P1 or P2 in D. melanogaster, though they considered female mating history alone. The design of our repeatability experiment allowed us to compare sperm precedence Interactions of females and rival males A. Bjork et al. 1785 scores from matings involving males and females when they were virgins and non-virgins. Our results suggest that virgin effects on the repeatability of competitive fertilization success do exist. Repeatabilities of P1 and P2 scores appeared to be higher in our 'paired' treatment only when non-virgin matings were considered, as opposed to nonvirgin and virgin matings (figure 3). Field-caught females have been estimated to store sperm from a mean of 1.82 to 2.44 males in D. melanogaster (Harshman & Clark 1998; Jones & Clark 2003) . This figure refers to the number of rival ejaculates present in females at any given time and cannot be used to determine the total number of mates per female or the mean time interval between matings. Nonetheless, females in the wild clearly re-mate frequently and, as a consequence, only a small proportion of matings in nature are likely to involve virgin flies. Virgin flies were used in our experimental evolution study of sperm precedence. It would be interesting to investigate the extent to which virgin effects might contribute to the high amounts of non-heritable variation detected in sperm offence and defence.
